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Abstract: 
 We investigate theoretically the effect of a time dependent oscillating potential on the 
transport property of the Dirac Fermion through a monolayer graphene electrostatic barrier under 
the influence of the Rashba spin orbit interaction. The time dependent problem is solved in the 
frame work of the non-perturbative Floquet approach. It is noted that the dynamic condition of 
the barrier may be controlled by tuning the Rashba parameter. Introduction of the spin orbit 
interaction causes splitting of the Fano resonance (FR), a characteristic feature in photon assisted 
tunneling. The separation between the spin split FR’s gives an indirect measure of the fine 
structure of the quasi-hole bound state inside the barrier. The present findings on the Rashba 
splitting of the FR and its external control by tuning the oscillating field parameters might have 
potential for applications in spintronic devices, especially in the spin field effect transistors. The 
spin polarization of different Floquet sidebands is found to be quite sensitive to the spin-
pseudospin interaction.  
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I: Introduction. – Spintronics1, 2 is the branch of technology where the devices may be 
engineered by exploiting the spin degrees of freedom of the electrons for improved functionality. 
A spintronic device requires generation and manipulation of a spin polarized population of 
electrons, resulting in an excess of spin up or spin down charge states. The study of the spin 
dependent electronic transport opens up a new era in the field of information technology3-8. 
Similar to the digital information technology where the information are coded in terms of the 
‘ON’ (‘1’) and ‘OFF’ (‘0’) states of the basic logic gates, the spin ‘up’ (‘1’) and spin ‘down’ 
(‘0’) states are expected to play the same role for encoding and manipulating information in spin 
controlled quantum information applications. The basic challenge for realization of such devices 
is to achieve high spin relaxation time and in this respect graphene may serve as a suitable 
platform with spin relaxation length of the order of micro-metre9. The very high current density 
and the rich spin dependent electronic properties9-14, e.g., spin quantum Hall effect, long spin flip 
length, spin filtered edge states, adiabatic spin pumping, efficient spin injection etc. make 
graphene a promising candidate for the future nano-electronic and spintronic devices15, 16. One of 
the alternative ways to observe the spin dependent effect in a graphene (other than the 
application of the external magnetic field) is to introduce the spin orbit interaction (SOI) that 
plays a key role in controlling and manipulating the spin configuration and the spin current in 
practical devices. Graphene exhibits two types of SOI10, 14-21: (i) the intrinsic spin orbit 
interaction (ISOI) – that originates from the intra-atomic SOI of the carbon atoms and (ii) the 
extrinsic one, also known as the Rashba spin orbit interaction (RSOI) – that arises from the 
interaction between the graphene and a substrate or by the application of a gate voltage. 
Although the ISOI is quite small in graphene, it is capable to produce a band gap in the linear 
massless energy spectrum and mimics a quantum spin Hall insulator system with quantized spin 
Hall conductance14. On the other hand, the strength of the RSOI is externally tunable and is 
predicted22, 23 to reach ~ 200meV at room temperature. This strong RSOI in graphene creates a 
considerable interest18, 24, 25 to apply the RSOI in manipulating the spin polarization and spin 
relaxation effects in practical device applications. To generate spin polarized current, the RSOI 
acts in a way somewhat similar26 to the case of the optical birefringence, the phenomenon of 
breaking up a polarized light in an optically anisotropic medium into two mutually perpendicular 
polarized lights moving with different velocities. For efficient spin polarization, the use of tunnel 
barrier turns out to be the common practice and as a result, the tunneling transport either through 
a static Rashba barrier27-30 or through the electrostatic31-34 or magnetic barriers23 with static RSOI 
have been a subject of intense research in recent years. It may be mentioned here that the first 
evidence for the control of the electron spin precession by an external electric field via the SOI is 
the well known Datta - Das transistor35.   Nowadays the study of SOI has drawn a major 
attention particularly because of its importance in spin relaxation, spin injection and spin 
transport in spintronic devices. Due to the relativistic effect, the RSOI depends explicitly on the 
linear momentum and the effective magnetic field produced by the Rashba spin orbit coupling is 
responsible for the precession of the electron spin for such a system using conventional 
semiconductors. In contrast, the RSOI in graphene is independent of the magnitude of the linear 
momentum of the quasi-particle and expresses the coupling between the real spin and the 
pseudo-spin due to the two sublattices in the honeycomb structure. Since in a graphene the 
direction of the pseudospin is either parallel or anti-parallel to the direction of the linear 
momentum, the RSOI in a graphene virtually arises due to the coupling between the direction of 
the linear momentum (not the magnitude) and the real spin of the Dirac fermions. This may be 
contrasted to the case of the conventional semiconductor (mentioned earlier). Another interesting 
feature of the SOI in graphene is that the inversion symmetry in the k – space for the spin chiral 
states induced by the RSOI is destroyed34.  
Furthermore, the study of charge transport in a periodically driven tunneling system 
demands special interest particularly because, such a system could exhibit the Fano Resonance 
(FR)36 that arises due to quantum interference between the continuum and the bound states and 
carries a signature of tunneling quasi-bound states. The Fano Resonance was also found earlier 
for the transmission of electrons through a dynamic quantum well both for the conventional 
heterostructure (with and without the SOI)37-41 and the graphene42 (without SOI) as well as 
through a graphene dynamic quantum barrier without the SOI43. The sinusoidally varying time 
dependent field of the dynamic quantum well or barrier causes photon induced bound-continuum 
transition of the electron with matching incident energy, leading to the appearance of the 
asymmetric FR in the transmission spectra. In fact, it was proposed44 that the FR could be used 
as a probe of the phase coherence in the transport of electrons or other quasi-particles. Most of 
the earlier works on the spin dependent electronic transport in graphene considered the SOI 
under the static condition of the system. Although the spin dependent tunneling transport through 
a periodically driven system exists for the conventional heterostructures38, no such work is 
available in the literature as yet for the cases of graphene quantum well or barrier structures. This 
motivated us to study the spin dependent transmission through a graphene electrostatic barrier 
under the periodically driven condition taking into account the effect of the Rashba spin orbit 
interaction. Here we have shown that the photon induced FR splits up due to the presence of the 
spin dependent interaction in the Hamiltonian and thereby confirms the spin splitting of the 
quasi-hole bound states inside the barrier. Although there is still no experimental observation of 
Rashba splitting in the prinstine graphene, the present study might create a boost in this 
direction. 
II: Theoretical Formulation. - The model system considered here to study the spin dependent 
charge transport is shown in Fig. 1. Here the region – II with the RSOI having length L is 
sandwiched between two regions – I and III without the RSOI. The region – II is subjected to a 
harmonically driven potential that could be realized by the application of a small AC signal 
voltage along with a static voltage induced by a local top gate. Neglecting the KK ′  interaction, 
the Hamiltonian for the Dirac fermion in the region – II can be written as 
                 ܪ ൌ ܪ଴ ൅ ܪோ ൅ ܪ௏ ൌ ܪ/ ൅ ܪ௧                         (1) 
where ܪ/ corresponds to the time independent part while ܪ௧ refers to the time dependent part of 
the Hamiltonian. In eqn.(1) ܪ଴ ൌ ૤۪ݒிሺߪԦ • ݌Ԧሻ , being the Hamiltonian in regions I and III 
describes the linear energy spectrum for the free Dirac fermion near the Dirac point, where the 
2x2 identity matrix ૤ in the kronecer product correspond to the real spin space and the latter part 
corresponds to the pseudospin space;  0 1 cos( )VH V V tω= +  for 0 x L< <  and zero elsewhere, 
which gives the static barrier potential 0V  along with an AC component of amplitude 1V  and 
angular frequency ω ; ܪோ ൌ ಓೃమ ሺݏԦ۪ߪԦሻ௓  for 0 x L< <  and zero elsewhere, represents the RSOI 
term of strength Rλ , where ( , )x yσ σ σ≡G  and ( , )x ys s s≡G are the Pauli matrices representing the 
pseudo-spin and the real spin of electrons respectively in the 2D honeycomb lattice of graphene. 
Here we assume that the temperature is low enough so that the electron-phonon interaction may 
be neglected. For the continuum description of the graphene in the Rashba region, we consider
L a>> , a being the lattice spacing. Since the spin dependent transmissions are identical for the 
two valleys, it is quite legitimate to consider the K – valley only.  
Since the Hamiltonian in eqn.(1) is independent of the y-coordinate, it preserves the 
translational symmetry in the y direction leading to the conservation of the momentum ൫݇௬൯. The 
corresponding wave function for the electron is therefore given by ~݁௜௞೤௬ and the energy 
dispersion relation for the Hamiltonian ܪ଴ in eqn.(1) is  ߝ௣ ൌ  േඥ݇௣௫ଶ ൅ ݇௬ଶ, with ݌ ൌ1 and 2. 
From now onwards the wave vectors are expressed in units of ܮ଴ିଵ, energy in ԰ݒி ܮ଴⁄  and time in 
ܮ଴ ݒி⁄ . The corresponding forward moving (along the x-direction) plane waves may be written 
as ߦ௣ሺݔሻ ൌ ௣ܰ݁௜௞೛ೣ௫ ;  ௣ܰ denotes the four component spinor given by 
௣ܰ
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ቁ δଶ௣ቃ where A is a constant, T stands for the 
transpose and ߜ represents the delta function. 
 In the 4x4 notation the spin matrix can be represented by  ݏԦ ൌ  ष ۪૤,  where ष’s are the 
2x2 Pauli matrices in the real spin space. Then it can be shown that ൻక೛ห௦
Ԧหక೛ൿ
ൻక೛หక೛ൿ
= ଵ
ଶ
൭
0
0
ݏ௣
൱, where ݏ௣ 
= ± 1 corresponding to p = 1 and 2 respectively. The third component of the column matrix ቀௌ೛
ଶ
ቁ 
that represents the average value of the z-component of spin (Sz) corresponds to the spin up 
(Sz=1/2) or spin down (Sz=-1/2) state of the incident Dirac fermions. This indicates that the 
direction of real spin is perpendicular to the plane of the field free graphene sheet (the x-y plane) 
or in other words perpendicular to the direction of momentum. This is in contrast to the case of 
pseudo-spin of the Dirac fermion which is either parallel or anti-parallel to the direction of 
momentum. 
 Now the time independent part of the Hamiltonian in eqn.(1) including the static Rashba 
spin orbit interaction ൫ܪ/ ൌ ܪ଴ ൅ ܪோ ൅ ଴ܸ൯ is written in a 4x4 notation as
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The energy dispersion relation corresponding to the Hamiltonian H/ in eqn.(2) is given by 
(following similar procedure as for H0)  
                       ߝ ൌ ଴ܸ ൅ ݌ට݇௣௫
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ఒೃ
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               (3) 
while the corresponding solution representing the forward motion (along the x-direction) of the 
Dirac fermion with the wave vector ݇௣௫
/  may be written as ߰௣ሺݔሻ ൌ ܯ௣݁௜௞೛ೣ
/ ௫         with                      
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 Evaluating the average value of the spin angular momentum in a similar manner (as for 
H0) we obtain  
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 ൅1 ݋ݎ െ 1 for p = 1 or 2.  In the limit of very small λR, the above equation reduces to34  
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component of spin angular momentum vanishes for the states ߰௣’s and the real spin of the Dirac 
fermions lies in the xy-plane. Therefore ݇ଵ௫
/  and ݇ଶ௫
/   may be interpreted as the wave vectors for 
two types of electrons having the z-component of spin in the opposite directions (in the plane of 
the graphene sheet) in presence of the external applied field. 
 Finally, in presence of both the spin orbit interaction and the time dependent potential the 
Floquet solution45 corresponding to the full Hamiltonian (eqn.(1)), representing the propagating 
wave in the x-direction, can be written as  
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where j = 1 or 2, 0m mE E V′ = −  and n mJ −  represents the Bessel function of order n-m. The 
corresponding energy dispersion is obtained as ( )2 2mm yE p k±= ± +  , with 
( ) ( )( )2 20 0m m m R yp E V E V kλ± ⎡ ⎤= − − ± −⎣ ⎦ . Following the discussion for the time independent case 
one can conclude that under the influence of the time dependent potential the direction of spin 
angular momentum of the electrons are redistributed among the different sidebands. 
 To find the effect of the oscillating potential on the spin dependent tunneling transport, 
one has to find the solutions in the three different regions and then to apply the condition of 
continuity of wave functions at the two boundaries 0x =  and x L=  of the RSOI region. For an 
electron incident in the region – I characterized by the energy E  and the y-component of 
momentum yk , the Floquet solution in three different regions corresponding to the Hamiltonian 
(eqn.(1)) can be written in a general form as follows: 
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where ‘r ‘ corresponds to the regions I, II and III; m mp q± ±=  , 0m mE E V′ = −  and 1mn n m VJξ ω−
⎛ ⎞= ⎜ ⎟⎝ ⎠  
for region – II and m mp k± ±= , m mE E′ =  and mn mnξ δ=  for regions – I and – III. Here 
( ) ( )( )2 20 0 2m m m R yq E V E V kλ± ⎡ ⎤= − − ± −⎣ ⎦  and ( )2 2 2m m yk E k± ⎡ ⎤= −⎣ ⎦  with ( )mE E mω= + . n mJ −  is 
the Bessel function for the first kind. The coefficients , , ,r r r rm m m mA B C D  depend on the 
boundary conditions and the choice of the spin polarization in the incoming and the outgoing 
channels. 
 In order to derive the form of the transmission coefficients in the region III one has to 
consider the current density operators (in dimensionless unit) in the incident and transmitted 
channels in the x-direction written as 
                              ܬ௜௡/௧௥ሺݔ, ݐሻ ൌ  ߰௜௡/௧௥כ ሺݔ, ݐሻߪ௫߰௜௡/௧௥ሺݔ, ݐሻ                                 (6) 
The above equation leads to the probability current density in the regions III for a particular (m-
th)  Floquet spin channel (ݏ/) corresponding to a given initial spin polarization (ݏ) as 
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where ܣ௦௦/
௠,௧௥  represents the amplitude of the m-th Floquet transmission channel. Finally equating 
the amplitude of the final outgoing wave to that of the incident wave, one can find the matrix 
( ) { }/, ,ss m tr n in sss mnsst A A t′ ′= = , where  ssmnt ′  is the probability amplitude that an electron of spin ' 's  
incident with energy E nω+  is transmitted as an electron of spin s′  with energy E mω+  after 
crossing the Rashba barrier. Ultimately the transmission coefficients are written46, 47 as  
/
2
0
cos
cos
s
ssm
ss ms
m
T tθθ
∞ ′′
=−∞
= ∑  with /
/
1tan ysm m
s
k
k
θ − ⎛ ⎞= ⎜ ⎟⎜ ⎟⎝ ⎠
, being the angle of transmission and 
1
0tan
ys
s
k
k
θ − ⎛ ⎞= ⎜ ⎟⎝ ⎠ being the incident angle. 
 Due to the presence of the SOI in the barrier region, the incident electron of a particular 
spin (‘up’ or ‘down’) undergoes spin flip, so that it can be transmitted in region-III with a finite 
probability both in the spin-up and spin-down states. So also is the case for reflection. Therefore 
the transmission probability for a particular spin injection ' 's  can be expressed as a linear 
combination corresponding to the up and down spin states given by s s sT T T↑ ↓= + . The total 
transmission probability and the z-component of the spin polarization for an un-polarized 
incident electron27 are respectively given by (1/ 2)( )T T T T T↑↑ ↑↓ ↓↑ ↓↓= + + +  and 
(1/ 2)( )zP T T T T↑↑ ↑↓ ↓↑ ↓↓= + − − .  
III. Results and Discussions. - We now present the numerical results for the scattering of an 
incident electron by an oscillating spin-orbit coupled quantum barrier in a monolayer graphene. 
The RSOI is considered adiabatically so that the strength Rλ  does not change with the 
periodically varying time dependent electrostatic potential ( 1V cos tω ). The energy of the 
incident electron (E), the static barrier height ( 0V ) and the width of the barrier (L) remain 
constant (e.g., 83 meV, 300 meV and 100 nm respectively) throughout the work unless otherwise 
specified. Fig. 2(a) displays the transmission probability ( s s sT T T↑ ↓= + ) of the electron for 
normal incidence as a function of the Rashba parameter ( Rλ ) at four different amplitudes ( 1V ) of 
the oscillating potential (the solid line corresponds to the static case, i.e. 1V  = 0). It should be 
mentioned here that for the normal incidence, sT  is found to be independent of the choice of  ‘s’ 
as was also noted by others33. The phenomenon of the Klein Tunneling48 (unimpeded 
transmission through the quantum barrier) persists only for small values of Rλ  (up to ~ 20 meV) 
for all  1V , similar to the case without the SOI
46. However, with the increase in Rλ , some 
oscillations set in the transmission profile as a result of the coupling between the pseudo-spin 
and the real spin of the Dirac Fermion, leading to the non-conservation of chirality for the 
system. Although the amplitude of oscillation increases with increasing Rλ , the average 
transmission decreases. In fact, in absence of the RSOI, no spin flip takes place inside the barrier 
and the incident spin state is transmitted in the collecting lead through the Rashba barrier without 
any change of the spin as well as without any attenuation due to the KT effect. But for 0Rλ ≠ ,  
spin flip might take place inside the barrier, similar to the case of the optical birefringence26, so 
that each of the two spin polarization has a finite probability to be transmitted to the collecting 
lead. It may be mentioned in this context that in the case of light, incident normally on the optic 
axis of a doubly refracting crystal, it breaks up into two parts, one polarized along the optic axis 
while the other perpendicular to the former, both moving along the same direction but with 
different velocities similar to the case of Rashba barrier. However, in the former case (light), the 
two components recombine while leaving the crystal, unlike the present one that leads to a 
change in the state of polarization. In fact, in case of the Dirac fermions, due to quantum 
interference between the two parts (spin states) inside the barrier, some maxima and minima 
appear in the transmission profile for both the transmitted spin states depending on the strength 
of the pseudo-spin and real spin coupling (vide inset of Fig.2a). In the Rashba scale, the maxima 
of the spin up transmitted mode almost coincide with the minima of the spin down transmitted 
mode (i.e., 1800 phase lag) and vice versa. This indicates that 100% spin flip could be achieved 
for some distinct values of Rλ . The oscillating nature of the total transmission probability33 ( sT ) 
with increasing Rλ  could probably be attributed to the change of phase lag between the two 
transmitted spin states. 
Regarding the effect of the external time dependent potential on the transmission 
coefficient ( sT ), the following interesting features are noted from the Fig. 2(a). Distinct nodes 
and anti-nodes are found in the transmission profile (vide Fig. 2(a)) indicating that for certain 
values of Rλ  , the sT  becomes insensitive (at the nodes) with respect to the amplitude variation 
of the time varying potential. In other words the time dependent barrier behaves as the static one. 
On the other hand, at the positions of the anti-nodes, the sT  oscillates with maximum amplitudes 
with respect to the variation of 1V . These results might help to choose the optimal value of the 
parameter 1V  for controlling the current, since the amplitude at the anti-node is higher at higher 
values of Rλ . 
For glancing incidence, on the other hand, an electron incident with a specific spin state 
(up or down) breaks up into two spin states (up and down) at the interface of the normal and the 
Rashba regions (i.e., electronic double refraction) and after that these two spin states move along 
different directions (unlike the case of normal incidence) with different group velocities, 
analogous to the optical case. Thus, for oblique incidence, sT  changes in a different manner 
compared to that for the normal incidence. One such example is shown in Fig. 2(b) for glancing 
angle θ  = 045 . The  sT  now depends on the choice of the incidence spin polarization and 
oscillates over the entire range of Rλ . For glancing incidence, no KT is observed and the sT
exhibits a distinct competition between the two incident spin polarizations. By the application of 
the oscillating potential, the sT  decreases systematically with increasing 1V  for both ‘s’ at the 
lower range of Rλ , while the reverse is true for the higher range. This transition in the behavior 
of  sT with respect to 1V  occurs at two different values of Rλ  depending on ‘s’. It is worth 
mentioning that ( ) ( )T Tθ θ↑ ↓+ = −  and this angular symmetric feature maintains in the static and 
as well as in the dynamic conditions of the barrier, similar to the case of the field free Rashba 
barrier27.     
A completely different avenue opens up when the sT  are plotted as a function of the 
incident electron energy (E), which is actually the most salient finding of the present work. Fig. 3 
shows the energy dependent transmission spectrum for spin up electron incident on a weak 
Rashba barrier (small Rλ ). The situation is almost identical to that of the oscillating electrostatic 
barrier without the SOI. In this weak limit of Rλ , ( ) ( )T E T E↑ ↓≈ . A very sharp Fano type 
asymmetric resonance is noted in the tunneling spectrum (vide Fig. 3), not reported in the 
literature so far for the barrier transmission in graphene without the SOI. In fact, this type of 
asymmetric resonance is a characteristic for the photon induced transmission through the 
quantum well structure (for graphene see Lu et. al.42 and for conventional heterostructure Zhang 
et. al.38). Recently we have shown49 that tunneling through a bilayer graphene electrostatic 
barrier may also exhibit the asymmetric Fano resonance, that probably arises due to the quantum 
interference between the hole quasi bound state and the continuum.  The present FR in Fig. 3 
occurs due to the quantum interference between the hole quasi-bound state inside the barrier and 
the hole continuum via photon exchange. With the increase in  1V  (the amplitude of the 
oscillating potential), the width of the FR increases while the position of the FR remains 
unaltered, the latter being sharply dependent on the frequency of the oscillating potential (not 
shown).   
A new feature may be noted in the transmission spectra when the spin - pseudospin 
coupling strength becomes appreciable. Fig. 4 shows such an energy dependent transmission for 
a spin up incident Dirac Fermion for three different values of 1V . Unlike the case of  zero (or 
very small) Rλ , two closely spaced FR’s are noted in Fig.4. The appearance of the double Fano 
resonances (DFR) indicates that the single (SOI free) FR splits into two FR’s due to the inclusion 
of RSOI. The origin of the spin orbit splitting of the FR could be understood as follows: In 
presence of the RSOI, the spin degeneracy of the quasi hole bound state inside the barrier is 
removed, resulting in the appearance of two quasi-hole bound states. The quantum interference 
between these two discrete hole states with the hole continuum (inside the barrier) via photon 
exchange leads to the fragmentation of the single FR into two FR’s at two different incident 
energies for a particular frequency of the oscillating field. Thus we find that the two fold spin 
symmetry of the quasi-bound state is broken by the RSOI, indicating that the spin and the 
pseudo-spin are not independent degrees of freedom. To our knowledge, the present spin 
dependent DFR is the first finding in the literature. The nature of the DFR is sharply dependent 
on the amplitude 1V , as is noted from the inset of Fig. 4. It is interesting to note that, the ratio of 
the sT  at the peak to that of the dip (PDR) are different for the two spin split FR’s. At 
intermediate 1V  (~ 5 meV) the DFR combines to form a single nearly symmetric sharp 
resonance, somewhat analogous to the case of Fano-Feshbach resonance50 (the appearance of a 
constructive interference due to overlap of two closely spaced FRs). Finally, at higher amplitude, 
the DFR disappears leaving a single FR of extended width as depicted in Fig. 4. This indicates 
the phenomenon of collapse and revival of the spin split hole quasi bound state inside the barrier. 
Thus by controlling the amplitude of the oscillating potential, it is possible to switch from double 
to single Fano picture in a graphene Rashba barrier. 
In order to study the effect of the incident spin state on the spin split DFR, we plot in 
Fig.5 the sT  for both s =↑ & ↓ with three different Rashba parameters. Two important points 
may be noted from Fig. 5 as follows. First, on introduction of the RSOI with appreciable 
strength, the single FR splits into two with different PDR and the separation between the FR’s 
increases with increasing Rλ . Second, the effect of the incident spin state becomes prominent 
only at appreciable value of Rλ  and the two FR’s (marked by their different PDR) interestingly 
exchange their places on changing the incident spin state. 
Next we present the spin polarization of electron transmission through the monolayer 
graphene electrostatic barrier. Fig. 6 displays the z-component of the of spin polarization of 
transmission (Pz) as a function of incident angle for different values of the Rashba parameter in 
case of a static electrostatic barrier. The spin polarization of electron through a field free static 
Rashba barrier was also studied earlier by Bercioux et. al.27 where it was reported that, a finite 
spin polarization may be achieved only when both the intrinsic and Rashba spin orbit interactions 
are simultaneously present. In contrast, the present Fig. 6 indicates that even in absence of the 
intrinsic spin orbit coupling (ISOC), an electrostatic barrier is capable to produce finite Pz in 
presence of the RSOI. It is probably due to the fact that the external electrostatic potential causes 
the spin to have a component parallel to the electron motion34 and thereby results in a finite spin 
polarization in the transmitted channel. For normal incidence, Pz is zero for all ߣோ which may be 
attributed to the cloaking effect of the Klein tunneling that preserves the incident spin 
polarization during the transmission process. The Pz remains an odd function of the incident 
angle, similar to the case of V0 = 0. For finite V0, the Pz is only appreciable around the 
intermediate glancing incidence (from 300 to 700) of the electron and the change in the strength 
of the RSOI causes oscillation in Pz. This oscillating behavior arises due to the phase coherence 
of the electron wave function during the tunneling process. For an unpolarised electron 
incidence, the maximum probability of spin down (the direction normally downwards to the 
graphene plane) transmission is greater than that for the spin up transmission for all values of  ߣோ 
(vide Fig. 6).      
The signature of the time varying electrostatic potential is well reflected from Fig. 7, 
where the angular dependence of Pz is displayed for an oscillating barrier with appreciable value 
of the Rashba parameter. It is worth mentioning that in reality a very high RSOI strength can be 
achieved51 by covalent bonding with absorbates. In general the magnitude of the spin 
polarization is quenched by the application of the time varying potential, particularly at lower 
strength of the coupling. However in some angular ranges, (e.g. for F = 3, vide Fig. 7) the 
magnitude of Pz may exceed the field free value, particularly at higher value of λR.  The 
characteristic FR is noted in the polarization profile, especially at higher angular incidence on the 
periodically driven electrostatic barrier. The position and nature of the FR’s are sharply 
dependant on the strength and frequency of the oscillating potential. The sudden reversal of Pz  
(the characteristic of the FR) around the FR would make such structures suitable for the 
spintronics devices.    
 Finally, to study the nature of the spin polarization in different Floquet sidebands, Fig. 8 
(a) displays the z-component ( ௭ܲ
଴,േଵ) of the sideband spin polarization (superscript ‘0’ represents  
the central and +1 (-1) represents the first absorption (emission) side band) against the strength 
of the spin orbit interaction ߣோ for a fixed small value of ky (=1.16). It may be noted from Fig. 8a 
that similar to the case of overall polarization (Pz), the side band polarizations are also oscillatory 
in nature.  For small values of ky the magnitude of the spin polarization is very small (< 1%) for 
all the sidebands which is probably due to the effect of the Klein transmission (the phenomenon 
for the normal and near normal incidence). Although the  ௭ܲ଴ is greater than the ௭ܲേଵ, particularly 
at higher ߣோ, the former is lower than ௭ܲേଶ for all ߣோ. The sideband polarization is higher for the 
absorption band (vide Fig. 8b) than for the emission one in the case of even order. While the 
reverse is true for the odd ones, particularly at the lower values of ߣோ.  This leads to the 
conclusion that the two photon processes are more spin polarized than the single photon one. 
 For higher glancing incidence, a different situation arises in the nature of the sideband 
spin polarization displayed in Figs. 9(a) and 9(b). At higher value of ky, the tunneling 
transmission is forbidden via the process of photon emission (to maintain the conservation of 
energy  and the y-component of momentum) and the allowed transmission occurs with a 
comparatively higher spin polarization (~10 – 20 %, vide Fig. 9a) than that for the lower values 
of ky. In this case (for higher ky) both the ௭ܲ଴ and the  ௭ܲାଵ exhibit two resonant peaks 
(representing spin polarization in the upward direction) at the same values of  ߣோ and their 
comparative magnitudes (ห ௭ܲ
଴,ାଵ,ାଶห) decrease with the increase in the side band order. It should 
be mentioned here that in the field free situation, the spin polarization is almost zero for the 
parameter used in Fig. 9(a). On the other hand, the polarization is strongly suppressed (vide Fig. 
9b) as compared to the field free one by the application of the time dependent potential, for 
higher range of  ߣோ (vide inset of Fig. 9b). The relative magnitudes of Pz in the Floquet bands are 
sharply dependent on the strength of the spin - pseudospin interaction. 
IV. Summary. - In conclusion, the spin dependent charge transport in a monolayer graphene 
oscillating electrostatic barrier is studied. The most salient features of the study are as follows. 
For normal incidence, the Rashba barrier is unable to distinguish between the incident spin states 
of the charge carriers. The finite probability of transmission at the collecting lead for both spin-
up and spin-down charge carriers clearly reveals the occurrence of spin flip inside the Rashba 
barrier due to the spin - pseudospin interaction. It is noted for the first time that a barrier 
structure may also exhibit the photon induced Fano resonance (like the quantum well structure). 
The effect of spin of the charge carrier causes the fragmentation of the Fano resonance resulting 
in the removal of spin degeneracy of the quasi hole bound states inside the barrier. This feature 
of the spin split Fano spectrum may be tuned by controlling the Rashba parameter or by 
changing the frequency and amplitude of the oscillating potential. The creation of the two spin 
split tunneling hole sub-bands and their control through the external parameters might explore 
the system for spintronic applications e.g., in the realization of spin qubits, in graphene based 
memory devices, quantum computations etc.. Regarding the spin polarization, three important 
points may be noted: First, for normal incidence, the transmitted electrons remain unpolarized 
due to the effect of the Klein tunneling. Second, for glancing incidence, the polarization is 
generally suppressed by the application of the oscillating potential. Third, at low grazing 
incidence, the electron transmission via two photon processes is more spin polarized than 
through the single or no photon processes while the reverse is noted for higher grazing incidence.  
Finally, the present findings might have potential importance for the applications in spintronics 
for graphene based systems. 
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Figure Captions: 
Fig.1: (a) Schematic diagram for a time periodically modulated graphene electrostatic barrier of 
height V0 and length L subjected to Rashba Spin orbit interaction. (b) Electron birefringence in 
Rashba region for glancing incidence of a spin polarized electron.  
Fig. 2(a): Transmission coefficient ( s s sT T T↑ ↓= + , in the present case T T↑ ↓= ) plotted as a 
function of Rashba parameter Rλ  (in meV) for L= 100 nm, θ  = 00 , E = 83 meV, V0= 300 meV 
and ω = 11 meV. V1= 0, Solid line (black); 5 meV, dash line (red); 10 meV, dot line (blue); 20 
meV, dash-dot line (purple). Inset: Solid (black), T↑↑   for V1 = 0; Dot (black), T↑↑   for V1 = 20 
meV; Dash (red), T↑↓  for V1 = 0; Dash-Dot (black), T↑↓  for V1 = 20 meV. (b) Same as (a) but for 
θ = 450. Solid and dash lines for spin up (T↑ ) and spin down (T↓ ) incidence respectively.  V1= 0 
(black), = 5 meV (blue) and = 10 meV (red). (Color online only). 
Fig. 3: Transmission coefficient ( sT T T↑ ↓= ≈ ) plotted against incident energy E (in meV) for L= 
100 nm, V0= 300 meV, Rλ = 1 meV, yk = 0.012 nm-1 and ω = 8 meV . V1= 0, Solid (black) line;  
10 meV, dash (red) line; 15 meV, dot (blue) line. (Color online only). 
Fig. 4: Transmission coefficient ( sT  = T T T↑ ↑↑ ↑↓= + ) plotted against incident energy E for Rλ = 
10 meV. Others parameters are same as Fig. 3. (Color online only). 
Fig. 5: sT  verses E at V1 = 1 meV. Solid (black) line for T↑  (spin up incidence) and Dash (black) 
line for T↓   (for spin down incidence) for Rλ = 10 meV; Dash-dot (red) line for T↑  (spin up 
incidence) and Dot (red) line for T↓   (for spin down incidence) for Rλ = 1 meV; Dash-dot-dot 
(blue) line for T↑  = T↓  for Rλ = 0 meV. (Color online only). 
Fig. 6: The z-component of polarization (Pz) plotted as a function of the incident angle for L= 
100 nm, V0= 300 meV, E = 83 meV  and V1 = 0 meV. Here Rλ = 8 meV (Solid-black), 16 meV 
(dash-red), 24 meV (dot-blue), 32 meV (dash-dot-green) and 40 meV (dash-dot-dot-purple). 
Fig. 7: Same as Fig. 6 but for Rλ = 128 meV, ω = 8 meV. Here V1 = 0 meV (Solid-black), 8 meV 
(dash-red) and 24 meV (dot-blue). Inset: For Rλ = 16 meV; for V1 = 0 meV (dotted line) and 8 
meV (solid line). 
Fig. 8: The z-component of the sideband polarization (Pz ) as a function of the Rashba parameter 
ߣோ  for  ω = 4 meV, V1 = 20 meV and ky = 0.014 nm
-1. Other parameters are same as Fig. 6. Here 
(a) Solid-black line, Pz for the first absorption band (i.e., ௭ܲାଵ), dotted-red line, Pz for the central 
band (i.e., ௭ܲ଴) and dash-blue line, Pz for the first emission band (i.e., ௭ܲିଵ). (b) Solid-black line, 
Pz for the first absorption band (i.e., ௭ܲାଶ), dotted-red line, Pz for the central band (i.e., ௭ܲ଴) and 
dash-blue line, Pz for the first emission band (i.e., ௭ܲିଶ).  
Fig. 9: Same as Fig. 8 but for ky = 0.125 nm-1. (a) dash-black line for ௭ܲାଶ, solid-red line for ௭ܲାଵ 
and dotted-blue line for ௭ܲ଴ . (b) solid-black line for ௭ܲାଶ, dotted-red line for ௭ܲାଵ and dash-blue 
line for ௭ܲ଴.  
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